1. Introduction {#s0005}
===============

Viroporins are multifunctional proteins that induce ion channel activity, a decisive function in the virus spread and pathogenicity [@b0005], [@b0010]. Although membrane permeabilization by pore-forming proteins has been traditionally considered a very relevant phenomenon in biology [@b0015], [@b0020], [@b0025], [@b0030], [@b0035], [@b0040], [@b0045], [@b0050], [@b0055], studies focused on structural combinations of lipids and viral proteins are relatively recent [@b0060], [@b0065], [@b0070], [@b0075], [@b0080].

Classical swine fever (CSF) is an often lethal and highly contagious disease of swine. The etiological agent, CSF virus (CSFV), is a small enveloped virus with a positive single-stranded RNA genome that is classified as a member of the genus *Pestivirus* within the family *Flaviviridae* [@b0085]. CSFV p7 is a viroporin that is involved in CSFV virulence [@b0090] and is essential for virus production [@b0095], but unfortunately its biological functions in the viral cycle and underlying mechanisms are unclear. CSFV p7 pore-forming activity [@b0090] shows a diversity of conductance levels and lifetimes that can be relevant for permeabilization of the cell endomembranes during the replication cycle of the virus, and for the regulation of its interactions with the host [@b0090], [@b0100]. Despite previous efforts that identified minimal conducting structures (between 0.7 nm and 1.5 nm) with opposite ion selectivities [@b0105], [@b0110], the structural nature of CSFV p7-induced pores is still unclear. We show here the co-existence of these small configurations with other much larger structures, which could be relevant in several contexts.

From the electrophysiological aspect, different mechanisms have been invoked to describe membrane permeabilization by peptides [@b0050], [@b0055], [@b0115], [@b0120], [@b0125], [@b0130]: proteins that assemble with lipids to form distinctive channel structures (e.g. "barrel stave" pores like Alamethicin [@b0120] or "toroidal" pores like melittin [@b0050], [@b0125]) versus "detergent-like mechanisms" in which proteins just disrupt the lipid packing and disintegrate the bilayer [@b0130]. Although in the literature of ion channels formed by transmembrane proteins, "channel" and "pore" are synonyms [@b0135], in the context of membrane-permeabilizing proteins may be a subtle distinction between these terms. Thus, the so-called "channel-pore dualism" refers to the hypothetical coexistence of characteristic proteolipidic "channels" showing typical ion channel features (like voltage gating and ion selectivity) and other "pores" randomly created by membrane disruption that do not show neither spontaneous closures nor ion discrimination [@b0140], [@b0145]. In addition to that, pore formation might be also artifactual due to the application of voltage if channel formation occurs via electroporation [@b0150], [@b0155]. On the virological side, the existence of pore structures of diverse sizes could be relevant to different stages of virus progression. Viroporin pores can help the virus enter the cell, as the Influenza virus M2 viroporin, which pemeabilizes the virus envelope under the appropriate conditions and ultimately triggers the release of the viral genome into the host cell's cytoplasm [@b0160]. Or the SARS-CoV E viroporin, whose ion channel activity represents a key determinant for SARS-CoV virulence [@b0005], [@b0070]. Viroporins can also promote replication without disturbing cell homeostasis, whereas large pores could be crucial to provide an exit pathway when endoplasmic reticulum (ER) disruption occurs in the pathogenic stage [@b0165].

To probe the nature, size and possible function of CSFV p7 pores [@b0090] we examine the open channel current noise (amplitude and frequency of current oscillations) calculating the power spectral density (PSD) of the signal together with the corresponding autocorrelation function in different conditions of pH and membrane composition. PSD is calculated via the Fourier transform of the current versus time recordings (see Materials and Methods). It has been very useful to identify the frequency hallmark of the underlying physical mechanisms responsible for pore formation in different membrane systems [@b0170], [@b0175], [@b0180], among other applications [@b0185]. Here, we use the analysis of fluctuations to identify the mechanisms of CSFV p7 pore formation and to validate the existence of different pore conformations. Detecting the sources of noise in both synthetic and biological nanopores is not only important for academic purposes, but also helps to reduce the signal-to-noise ratio determining the time resolution of experimental set-ups in bioanalytical [@b0190] and large-scale technological applications [@b0195]. To complement noise analysis, we analyze the effect of p7 on ER-like membranes considering the effect of solution acidity, using AFM, which provides nanometer resolution.

We conclude that p7 viroporin forms subnanometric channels like those described in previous studies, but also much larger distinct pores visible in AFM imaging. Our analysis supports that all those channels share a common source of current noise: equilibrium conformational rearrangements involving lipid-protein interactions. The capacity of viroporins to assemble pores of different sizes in membranes could be critical in subsequent stages of the process of virus replication and virulence.

2. Material and methods {#s0010}
=======================

2.1. Materials {#s0015}
--------------

The CSFV p7 protein was commercially synthesized (Thermo Scientific). Small, diluted aliquots were stored in dimethyl sulfoxide (DMSO) and frozen upon use. Dioleoyl phosphatidylcholine (PC), dioleoyl phosphatidylethanolamine (PE), liver phosphatidylinositol (PI), and dioleoyl phosphatidylserine (PS) were purchased from Avanti-Polar Lipids (Birmingham, AL).

2.2. Planar lipid membranes formation {#s0020}
-------------------------------------

Membrane formation was performed either with pure PS or with a mixture of PC:PE:PI 5:3:2 that emulates ER membranes [@b0200], as indicated throughout the text. Two monolayers were made, as described previously [@b0060], from 5 mg/ml pentane solutions of lipid mixture added at both sides of Teflon chambers filled with KCl buffered with 5 mM HEPES and partitioned by a 15 μm thick Teflon film with 70--100 μm diameter orifices. Planar lipid bilayers were formed by monolayer apposition [@b0205] on the orifices previously treated with a 1% solution of hexadecane in pentane. Due to its high hydrophobicity, CSFV p7 protein dissolved in DMSO was supplemented to the lipid solutions at a final concentration of 250 nM prior to monolayer formation only in one of the chamber sides, referred to as cis side.

2.3. Channel conductance measurements {#s0025}
-------------------------------------

An electric potential was applied using Ag/AgCl electrodes in 2 M KCl, 1.5% agarose bridges assembled within standard 250 µl pipette tips. Potential is defined as positive when it is higher at the side of protein addition (the *cis* side), while the *trans* side is set to ground. An Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA) in the voltage-clamp mode was used for measuring the current and applying potential. Current was filtered with a 10 kHz 8-pole in-line Bessel filter and digitized with a Digidata 1440A (Molecular Devices, Sunnyvale, CA) at 50 kHz sampling frequency. The membrane chamber and the head stage were isolated from external noise sources with a double metal screen (Amuneal Manufacturing Corp., Philadelphia, PA).

A rough first estimation of pore diameter considered a cylindrical neutral pore. Thus, channel conductance *G* can be written in terms of solution conductivity *κ*, and pore dimensions, according to the following equation:$$G = \frac{\pi D^{2}}{4L}\kappa$$where *L* and *D* stand for length and diameter, respectively.

2.4. Current fluctuation analysis {#s0030}
---------------------------------

The power spectral density (PSD) of current fluctuations and the normalized autocorrelation function were obtained directly from the measured current traces with the pClamp 10 software (Molecular Devices, LLC.). The power spectrum generates a frequency domain representation of the time domain data, revealing the power levels of different frequency components in the signal. PSD was measured by calculating the Fast Fourier Transform from the digitized signal without further digital filtering. The PSD spectral resolution used was 0.76 Hz and, for each signal, the available spectral segments were averaged. The normalized autocorrelation function was generated using the maximum available number of time lags for each segment. All types of CSFV p7 permeabilization events observed in the experiments were included in the current fluctuation analysis. Given that protein was supplemented to the lipid fraction *prior to* membrane formation, observed events could be divided in two main types: On one hand, some events were stable enough so voltage could be applied and removed and re-applied. These events allowed for quantification of background fluctuations (this is the case of all Figures where background noise is shown). In other occasions, current appeared during application of a constant voltage, so there was no zero level available. In this case, the current level could be stable or otherwise transition to new current levels while voltage is applied. In any case, the criterion used to define an event for noise analysis was always the same: events were restricted to sections where histrograms of current values could be represented by a single Gaussian peak. This is necessary as noise analysis requires identification of the average current of the analyzed section.

2.5. Supported lipid bilayer formation {#s0035}
--------------------------------------

Supported lipid bilayers (SLBs) were prepared following the vesicle fusion protocol. Small unilamellar vesicles (SUVs) were prepared by tip sonication. Briefly, 0.5 µmol of a given lipid mixture were prepared in choloroform and dried in vacuum desiccator for 1 h. Then, the dry lipid film was resuspended in 1 mL of pure water to a final concentration of 0.5 mM and subsequently tip sonicated by appliying 60 cycles of 10 s ON/10 s OFF. To prepare peptide-containing SLBs, CSFV p7 was mixed with SUVs at indicated peptide:lipid ratios for 15 min. To prepare the SLB, freshly cleaved mica was mounted on a temperature-controlling Biocell liquid cell (JPK Instruments, Germany). Then, 0.1 mL of the SUV solution were mixed with 0.25 mL of a Ca^2+^/HBS solution (0.2 mM CaCl~2~, 10 mM HEPES, 150 mM NaCl pH 7.4) and incubated for 1 h at 55 °C. Finally, the medium was exchanged by 10 mM sodium acetate, 150 mM KCl pH 5.0 and the bilayer left to equilibrate for 30 min. SLBs were imaged within the same day.

2.6. Atomic force microscopy measurements {#s0040}
-----------------------------------------

Measurements were performed on a NanoWizard II AFM (JPK Instruments, Germany). The temperature in the Biocell was kept constant at 25 °C. MSNL-10 silicon nitride cantilevers (Veeco Instruments, Plainview, NY, USA) with a spring constant of 0.01--0.1 N/m and a nominal tip radious of 2 nm were used in contact scanning mode. The setpoint was kept constant to 0.1 N/m and the scanning rate adjusted between 0.5 and 2 Hz.

3. Results and discussion {#s0045}
=========================

3.1. Determination of CSFV-p7 pore size {#s0050}
---------------------------------------

CSFV p7 forms membrane pores displaying a multiplicity of current levels and lifetimes [@b0105], [@b0110]. [Fig. 1](#f0005){ref-type="fig"} A shows a characteristic electrophysiological recording of CSFV p7 in 150 mM KCl and pH 5.0 in a membrane mimicking ER membranes, where the protein is predicted to insert [@b0090]. This trace, which is representative of the majority of current recordings, contains small current jumps (several pA) over large absolute current values (hundreds of pA). In a few cases, CSFV p7-induced currents show large fluctuations (hundreds of pA) between two well-defined levels, as shown in [Fig. 1](#f0005){ref-type="fig"}B.Fig. 1CSFV p7 induces small and large current jumps. (A) Representative current trace of CSFV p7-induced pores in which small current jumps are observed over a large absolute current. (B) Example current trace in which CSFV p7 promotes large current jumps. Dashed lines indicate zero current level. Applied voltage (50 mV) is indicated as grey solid lines. Traces obtained in ER-like membranes (7:3:2 PC:PE:PI), 150 mM KCl pH 5.0 and digitally filtered at 500 Hz using a low-pass Bessel (8-pole) filter.

Histograms of current increments ([Fig. 2](#f0010){ref-type="fig"} A) provide most probable conductance (defined as G = I/V) values of ΔG \~ 0.1 nS (solid line in [Fig. 2](#f0010){ref-type="fig"}A, inset) compatible with a pore radius of *r* \~ 0.5--1 nm (via Eq. [(1)](#e0005){ref-type="disp-formula"}). Typically, the existence of single pores with conductance values around 0.1 nS is evaluated by tracking insertions from a zero-current baseline. Thus, starting at zero current (*I* = 0 A), successive insertions and retractions should be consistent with ΔG \~ 0.1 nS, which is considered to be the *minimal unit* conductance. Conductance increments larger than this value may be described as the collective action (multiple insertions) of such minimal units [@b0040], [@b0060].Fig. 2CSFV p7-induced currents show small current increments as well as large absolute current values. (A) Histograms of current increments (600 events) and (B) absolute current levels (1109 events) of CSFV p7-induced currents in ER-like membranes (5:3:2 PC:PE:PI) in 150 mM KC, pH 5.0 and V = 50 mV. The inset in (A) shows a detail of the histrogram peak and its Gaussian fitting (solid line). Events were gathered from at least five independent experiments.

However, in the present study it was not possible to obtain p7-induced pores via protein insertion directly from the solution into a pre-built membrane because of the high hydrophobicity of the viroporin. Permeabilization events appeared only when CSFV p7 was added to ER-like lipid mixtures (5:3:2 PC:PE:PI) *prior* to bilayer formation so that, most often, a current was immediately present when membrane was formed and voltage was applied. Therefore, within this procedure, observed currents jumps are not necessarily consecutive incorporations of minimal pore structures, because pore structures of different sizes may be pre-formed in the membrane before the application of voltage. Large currents may either reveal the existence of enormous pores, the collective action of clusters of small pores [@b0105], [@b0110] or even the combination of both permeabilization mechanisms.

Histograms of the absolute current values depicted in [Fig. 2](#f0010){ref-type="fig"}B for the same conditions as in [Fig. 2](#f0010){ref-type="fig"}A show the most probable conductance peak at G \~ 2 nS and secondary peaks at higher conductances. These values are one/two orders of magnitude larger that the conductance increments shown in [Fig. 2](#f0010){ref-type="fig"}A, which using Eq. [(1)](#e0005){ref-type="disp-formula"} could imply pores 5--10 times wider than the minimal single-pore unit. A high variability in pore conformations, understood in terms of both static disorder (existence of different current levels in the traces) and dynamic disorder (current levels vary with time) [@b0210], would suggest that channels formed by p7 protein could play radically different roles at different stages of the virus life cycle.

AFM measurements were performed on ER-like supported lipid bilayers (SLBs) at pH 5.0 to directly visualize CSFV p7-induced pores ([Fig. 3](#f0015){ref-type="fig"} A, right (+CSFV p7)). AFM is a scanning probe microscopy technique that provides nanometer resolution in the *xy* axis and sub-nanometer resolution on *z*, and thus, it is ideally suited to study pore-forming proteins in planar membranes. AFM experiments demonstrate the existence of a variety of pores, including very large ones (radius in the order of tens of nanometers), not visible in the absence of protein ([Fig. 3](#f0015){ref-type="fig"}A, left (−CSFV p7)). Experiments performed at different lipid:protein ratios ([Fig. 3](#f0015){ref-type="fig"}B) show the dependence of pore size and number on CSFV p7 concentration, allowing for a better visualization of pores and underscoring the critical role of protein-lipid interactions. Importantly, [Fig. 3](#f0015){ref-type="fig"} demonstrates that CSFV p7 can form a variety of pore structures in ER-like membranes in the complete absence of an applied electrical voltage, discarding electroporation (pore creation by electrical pulses) [@b0150], [@b0155] as the only source of channel formation.Fig. 3CSFV p7 forms small and large pores in liposomes. (A) AFM images in ER-like liposomes at pH 5 in the absence (left) and presence (1:800 protein:lipid mol ratio, right) of CSFV p7. (B) AFM images in ER-like liposomes at pH 5 obtained using different CSFV p7:lipid ratios. Due to the membrane activity of CSFV p7, at 1:50 ratios some areas of the SLBs presented a high number of nanometric protrusions that we hypothesized to be lipid:protein aggregates ([Supplemary information Fig. S1](#s0090){ref-type="sec"}). Note that due to the shape of the AFM MSNL-10 tips, with a nominal and maximal radius of 2 nm and 12 nm respectively, the depth of pores at 1:800 ratios could not be fully resolved. The color bar indicates the height in the z dimension, being white the highest and black the lowest areas.

3.2. CSFV-p7 power spectra show 1/f noise compatible with conductance fluctuations {#s0055}
----------------------------------------------------------------------------------

Next, we delved into the current recordings paying attention to the open channel noise and particularly to its dependence on frequency. Exploration of PSD from membrane pores has proven to be very challenging [@b0175], due to the presence of many different contributions [@b0215]. The PSD spectrum of membrane pores can be described as:$$\mathit{PSD} = a\frac{1}{f^{\alpha}} + b + cf + df^{2}$$where *f* is the frequency and a, b, c and d are coefficients [@b0190], [@b0215], [@b0220], [@b0225]. The entire frequency range is covered by the addition of flicker noise *a/f^α^*, white thermal noise *b*, dielectric noise *cf* and capacitive noise *df ^2^* [@b0215].

The white thermal noise can be calculated as *b* = 4*kT*G being G the channel conductance, *k* the Boltzmann constant and *T* the absolute temperature. As regards flicker noise *a/f^α^*, α = 0 (actually 0 \< α less than 0.5) represents white noise (1/f^0^) whereas α \> 0.5 is linked to different kinds of colored noise [@b0230]. Several mechanisms can potentially generate 1/f*^α^* noise in the context of membrane transport, namely correlated ion jumps over a single energy barrier [@b0170], random diffusion processes (formally equivalent to jumps in multi energy-barrier systems) [@b0170], conformational fluctuations between different open channel sub-states [@b0235], transitions between open and closed states [@b0230] and even self-organized criticality [@b0240]. Moreover, recent studies show that 1/f noise arising from confinement effects -- appearing when channel dimensions are comparable to the size of the flowing particles -- can induce slow dynamics, ion correlations or cooperativity in the ionic motion [@b0195], [@b0220].

At high frequencies (f \> 1 kHz), the power spectrum is dominated by thermal, dielectric and capacitive noise including those induced by the amplifier and the electrochemical cell [@b0215]. For the sake of simplicity, we excluded from our analysis this high frequency region and focused on the nature and origin of the current fluctuations in the low frequency limit (f ≤ 1 kHz) where the contribution of membrane pores appear [@b0215], [@b0230], [@b0245], [@b0250]. Examples of full spectra including all effects and the final high-frequency drop generated by the low-pass Bessel filter in the amplifier are presented in [Supplementary Material](#s0090){ref-type="sec"} ([Fig. S2](#s0090){ref-type="sec"}).

[Fig. 4](#f0020){ref-type="fig"} A shows the PSD of the section of [Fig. 1](#f0005){ref-type="fig"}A where I \~ 240 pA and [Fig. 4](#f0020){ref-type="fig"}B shows the PSD of the current trace section in [Fig. 1](#f0005){ref-type="fig"}B where I \~ 105 pA. PSDs show characteristic 1/f*^α^* type spectra.Fig. 4CSFV p7 currents with different amplitudes show similar fluctuation patterns. (A) Power spectral density of the current trace shown in [Fig. 1](#f0005){ref-type="fig"}A (blue spectrum). Thermal noise (dark yellow dashed line) calculated as 4*kT*G using channel conductance of [Fig. 1](#f0005){ref-type="fig"}A (G \~ 4.8 nS). Background noise (black spectrum) obtained at the same conditions as in [Fig. 1](#f0005){ref-type="fig"}A with V = 0 mV. (B) Power spectral density of the current trace shown in [Fig. 1](#f0005){ref-type="fig"}B (red spectrum). Thermal noise (dark yellow dashed line) calculated as 4*kT*G using channel conductance of [Fig. 1](#f0005){ref-type="fig"}B (G \~ 2 nS). Background noise (black spectrum) obtained at the same conditions as in [Fig. 1](#f0005){ref-type="fig"}B with V = 0 mV. (C) Histograms of α from 60 CSFV p7 current traces in the same conditions as in (A-B). Events were gathered from at least five independent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Interestingly, the measured background noise in the low frequency range lies on the same level as the calculated thermal noise floor for the channel conductance in each case (G \~ 4.8 nS in [Fig. 4](#f0020){ref-type="fig"}A and G \~ 2.0 nS in [Fig. 4](#f0020){ref-type="fig"}B). Also remarkably, PSDs deviate significantly from 1/f noise (shown in grey in each figure), so that we get α \~ 0.7 for the blue spectrum in [Fig. 4](#f0020){ref-type="fig"}A and α \~ 0.6 for the red one in [Fig. 4](#f0020){ref-type="fig"}B when fitting 1/f^α^ to the measured PSD in the range 0.1--20 Hz. Spectra shown in [Fig. 4](#f0020){ref-type="fig"}A and B are representative of the overall situation. A histogram of alphas obtained from different current traces is shown in [Fig. 4](#f0020){ref-type="fig"}C, the most probable value being α = 0.75 ± 0.25.

Data displayed in [Fig. 4](#f0020){ref-type="fig"} raise some questions concerning the nature of pores and the origin of current fluctuations. On the one side, despite [Fig. 3](#f0015){ref-type="fig"} showing CSFV p7-induced pores without applied voltage, it is still unclear if recorded channels could partially arise from electroporation due to the applied voltage [@b0150], [@b0155]. Another issue is the possible occurrence of the channel-pore dualism mentioned before. In such case, the small structurally well-defined pore structures characteristic of the perforating protein (CSFV p7 in this case), would coexist with larger holes, resulting from the membrane disruption generated by a potential detergent-like action of the protein [@b0130]. Exploring how noise depends on applied voltage, lipid composition and protein titration by pH may provide new insights into such questions.

Thus, we next analyzed relatively stable current traces (i.e. the histogram of current values can be represented by a single peak) of the CSFV p7 protein at different applied potentials. [Fig. 5](#f0025){ref-type="fig"} A displays a linear I-V relationship where the total conductance is G \~ 3 nS. The corresponding PSD is shown in [Fig. 5](#f0025){ref-type="fig"}B.Fig. 5CSFV p7-induced currents are Ohmic and display equilibrium conductance fluctuations. (A) Current-voltage curve obtained from current trace of G = 3 nS. Solid line represents a linear fitting. (B) PSD as a function of frequency from the currents of panel (A). Each curve corresponds to a different applied voltage, with 0 mV (black), +10 mV (brown), −10 mV (orange), +30 mV (green), −30 mV (yellow), +50 mV (light blue), −50 mV (dark blue), +70 mV (dark red), −70 mV (purple). (C) PSD at 1 Hz obtained from (B) as a function of voltage. Solid lines represent a parabolic fitting. (D) Current-voltage curve obtained from current trace of G = 0.35 nS. Solid line represents a linear fitting. (E) PSD as a function of frequency from the currents of panel (D). Each curve corresponds to a different applied voltage, with 0 mV (black), +10 mV (red), −10 mV (light green), +30 mV (light yellow), −30 mV (blue), +50 mV (pink), −50 mV (cyan), +70 mV (brown), −70 mV (gray), +90 mV (dark green), −90 mV (dark yellow). (F) PSD at 1 Hz obtained from (E) as a function of voltage. Solid lines represent a parabolic fitting. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

In [Fig. 5](#f0025){ref-type="fig"}B, the magnitude of the applied potential determines the absolute value of noise, but not the slope in the calculated PSD (all spectra at V ≠ 0 have a similar slope). In both polarities, measured spectra scale approximately as 1/f^0.5^ and spectral density is considerably higher than the background noise (V = 0 mV).

[Fig. 5](#f0025){ref-type="fig"}C shows that PSD at 1 Hz (PSD~1Hz~) obtained from the spectra in [Fig. 5](#f0025){ref-type="fig"}B follows a parabolic dependence on applied voltage, a distinctive feature of equilibrium conductance fluctuations [@b0235], [@b0255], which is different from the patterns found in electroporation in planar lipid bilayers [@b0260], and from the non-equilibrium 1/f fluctuations observed in rectifying nanopores [@b0265]. Current traces with smaller conductance levels than those reported in the top panels also display equilibrium conductance fluctuations ([Fig. 5](#f0025){ref-type="fig"}D--F). [Fig. 5](#f0025){ref-type="fig"}D shows an I-V curve with ohmic behavior (G \~ 0.35 ns), being the corresponding PSD, shown in [Fig. 5](#f0025){ref-type="fig"}E, closer to the level of background noise and the 1/f^α^ behavior (α \~ 0.4) restricted to lower frequencies. Interestingly, calculated PSD~1Hz~ ([Fig. 5](#f0025){ref-type="fig"}F) displais quadratic dependence on V pointing again to equilibrium conductance fluctuations. Therefore, the data displayed in [Fig. 5](#f0025){ref-type="fig"} demonstrates the existence of a common mechanism for noise generation in either large or small currents. This indicates that CSFV p7 is capable of forming a variety of pores with different sizes, and these structures have similar dynamical properties of equilibrium nature regardless of their size, suggesting not only that electroporation does not occur, but also that no "channel-pore" dualism is present.

3.3. Random transitions as a mechanism for 1/f^α^ noise {#s0060}
-------------------------------------------------------

Many studies in biological and synthetic membrane systems show equilibrium conductance noise in which the amplitude of the 1/f power law increases as the square of the average current [@b0220], [@b0225], [@b0230]. Such oscillations may arise either from changes in pore geometry [@b0230], [@b0235] or from fluctuations in charge carrier concentration [@b0255], [@b0270].

In a seminal paper, Bezrukov and Winterhalter attributed the origin of 1/f noise in a protein channel (maltoporin) to random transitions between different conducting sub-states of the open pore [@b0235]. It was shown that if current steps are excised using a special algorithm, the PSD of the resulting current becomes almost flat (white noise, α \~ 0). This effect was independent of the pore size. [Fig. 6](#f0030){ref-type="fig"} indicates that this mechanism could also operate in CSFV p7 channels in ER-like membranes. [Fig. 6](#f0030){ref-type="fig"}A shows a trace with a well-defined conductance level that can be described with a single peak (indeed, it is the trace corresponding to V = 50 mV in [Fig. 5](#f0025){ref-type="fig"}A). The corresponding spectrum, in red in [Fig. 6](#f0030){ref-type="fig"}B, shows 1/f^α^ noise with α \~ 1.5. However, we can calculate again the PSD but excluding the small current jumps (blue spectrum in [Fig. 6](#f0030){ref-type="fig"}B) so that the power spectrum shows almost white noise (α \~ 0.3), as predicted by Bezrukov and colleagues [@b0235]. This kind of behaviour is observed frequently in CSFV p7 electrophysiological recordings in ER-like membranes. Within the same current trace, sections with intense flickering show higher α exponents than quiet sections, but if current steps are excluded from the noisy sections the new PSD becomes comparable to that of quiet ones, with a lower exponent α but still having α \> 0 (see [supplementary information](#s0090){ref-type="sec"} [Fig. S3](#s0090){ref-type="sec"} for another example).Fig. 6Fluctuations between levels increase the slope of PSD at low frequencies. (A) Example of current trace of CSFV p7 in ER-like membranes at pH 5.0 and 150 mM KCl showing flickering between two defined levels. (B) PSD of the current trace of panel (A) includind current steps (red) and excluding them (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The physical mechanisms behind the "random transitions" of current have been described either as conformational changes within a formed channel (the so-called "channel breathing" [@b0235]) or as the diffusion of proteins in the membrane encompassing translational or rotational motions of the whole pore structure [@b0175], [@b0275]. The scenario here is more complex than in pure proteinaceous pores like toxins [@b0235] or bacterial channels [@b0275] because CSFV p7 pores are likely proteolipidic structures [@b0105], [@b0110] and therefore, the process of pore formation involves the collective motion (diffusion in the membrane plane) and packing of both proteins and lipids. In any case, a high variety of potential channel structures in terms of geometry and dynamics would likely be the breeding ground for the occurrence of random fluctuations between different conducting levels.

3.4. Current fluctuations depend on lipid composition {#s0065}
-----------------------------------------------------

It has been shown that ion channel activity of CSFV p7 is strongly dependent on lipid composition, being possible to abrogate pore formation in absence of charged lipids or in presence of cholesterol [@b0105]. Interestingly, the variety in pore conductance values of CSFV p7 protein shown in previous sections is not a distinctive feature of ER-like membranes, similar results were obtained using a variety of lipid compositions that differed slightly from the canonical ratio 5:3:2 (PC:PE:PI) [@b0105]. Having in mind that charged lipids are necessary to observe ion channel activity in CSFV p7 [@b0105], we decided to explore a fully charged membrane such as DOPS extensively used in proteolipidic systems [@b0030], [@b0040], [@b0060], [@b0065], [@b0070]. Histograms of the recordings measured perfomed in DOPS under the same conditions as in [Fig. 2](#f0010){ref-type="fig"} (150 mM KCl and pH 5.0) show also a diversity of current levels (see [Supplementary information](#s0090){ref-type="sec"} [Fig. S4](#s0090){ref-type="sec"}). This observation leads to the question of whether current fluctuations depend as well so strongly on lipid composition.

A visual inspection of current traces indicates that CSFV p7 pores in ER-like membranes are considerably quieter and more stable than pores of similar conductance formed in DOPS membranes. An example of this behaviour is shown in [Fig. 7](#f0035){ref-type="fig"} A (ER-like) and [Fig. 7](#f0035){ref-type="fig"}B (DOPS). These differences are reflected in the corresponding PSD, which shows a different amplitude (quantified as PSD at 1 Hz, PSD~1Hz~) and slope α, as shown in [Fig. 7](#f0035){ref-type="fig"}C and D, respectively, for 80--60 different current traces in ER-like (green) and DOPS (pink) membranes. For PSD~1Hz~, the mean value obtained with DOPS is three orders of magnitude larger than that for ER-like membranes.Fig. 7CSFV p7 pores formed in ER-like membranes are considerably quieter and more stable than pores of similar conductance formed in DOPS membranes. Representative current traces of CSFV p7 pores in ER-like (A) and DOPS (B) membranes. Histograms of PSD(1 Hz) (C) and α (D) for ER-like membranes (green) and DOPS membranes (pink) at pH 5 and 150 mM KCl. Data is gathered from 60 to 80 different events obtained in at least five independent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

As regards the parameter α in the 1/f^α^ spectra, [Fig. 7](#f0035){ref-type="fig"}D shows values of α = 1.21 ± 0.20 for DOPS and α = 0.75 ± 0.25 in the case of ER-like membranes. Of note, PSD~1Hz~ in DOPS membranes also shows quadratic dependence on the applied voltage ([Supplementary Material](#s0090){ref-type="sec"}, [Fig. S5](#s0090){ref-type="sec"}), pointing again to equilibrium conductance fluctuations like in ER-like membranes.

To graphically illustrate our findings, we compare two different traces, one in ER-like membranes (green) and one measured in DOPS (pink) ([Fig. 8](#f0040){ref-type="fig"} A). Both traces have similar average currents (\~140 pA at + 50 mV), but DOPS trace is visually much noisier than ER-like one and even random transitions could be guessed. However, current histograms ([Fig. 8](#f0040){ref-type="fig"}A, lower panels) show a unique well-defined peak in both cases, being the one obtained in DOPS shorter and broader indicating a larger dispersion. The corresponding PSD spectra ([Fig. 8](#f0040){ref-type="fig"}B) yield α = 0.3 and α = 1.0 for ER-like and DOPS membranes, respectively. ER-like membranes seem to stabilize the protein-lipid assembly giving rise to quieter and more stable pores with current noise closer to white noise than those found in DOPS membranes. DOPS membranes are fully made of phospholipid bearing net negative charge, whereas ER-like membranes have only 20 mol% of charged lipids. We hypothesize that an "excess" of negative charge could be counterproductive for the purpose of pore formation, and that the ER membrane provides a more favorable environment.Fig. 8(A) Current traces of CSFV p7 at pH 5 and 150 mM KCl in an ER-like membrane (green) and DOPS membrane (pink) at + 50 mV. (B) PSD of the corresponding current traces of panel (A) with the same color codes. Thermal noise (dark yellow dashed line) was calculated as 4*kT*G using a channel conductance of G \~ 2.8 nS. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.5. Current fluctuations in ER-like membranes are pH-regulated {#s0070}
---------------------------------------------------------------

Ion channel activity of CSFV p7 in ER-like membranes is controlled by solution pH [@b0105]. Both electrophysiological recordings and vesicle permeability assays show that the intense poration activity (90% of the experiments) detected at pH 5.0 is severely reduced (less than 10% of the experiments) at pH 7.4 [@b0105]. AFM measurements of CSFV p7 in lipid bilayers at pH 5.0 ([Fig. 3](#f0015){ref-type="fig"}A) display a variety of pore sizes. However, pores are rarely observed when the pH is increased to 7.4 ([Fig. 9](#f0045){ref-type="fig"} ) consistent with the dependence on pH of CFSV p7 pore formation.Fig. 9The pore forming activity of CFSV p7 is reduced at pH 7.4. AFM images in ER-like lipid bilayers at pH 7.4 in control conditions (left) and in the presence of CSFV p7 at pH 7.4 (centre) and pH 5.0 (right). CFSV p7:lipid ratio was 1:800. The color bar indicates the height in the z dimension, being white the highest and black the lowest areas.

To study the nature of small pores appearing at pH 7.4, we analyzed the current fluctuations of the residual traces obtained in these conditions, revealing that noise is also pH-dependent. [Fig. 10](#f0050){ref-type="fig"} A shows representative traces of CSFV p7 residual poration activity measured at pH 7.4 (blue), compared with traces with similar absolute current (\~65 pA at +50 mV) for pH 5.0 (green). Traces at pH 7.4 are much noisier than at pH 5.0 as clearly reflected in the current histograms, which in both cases give a unique peak but with broader distributions for pH 7.4.Fig. 10pH controls noise levels in CSFV p7 pores (A) CSFB p7 representative current traces at pH 5.0 (green) and pH 7.4 (dark blue) corresponding to similar absolute current levels (\~65 pA at + 50 mV). Membranes were formed with ER-like lipid in 150 mM KCl. (B) Corresponding PSD with the same color codes. Thermal noise (dark yellow dashed line) was calculated as 4kTG using a channel conductance of 1.3 nS. (C-D) Histograms of PSD(1 Hz) (C) and α (D) for CSFV p7 current traces in ER-like membranes at pH 5 (green) and pH 7.4 (blue). Applied voltage mas + 50 mV and bathing solution 150 mM KCl. Data is gathered from \~ 100 different events obtained in at least five independent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Such contrasting current oscillations give rise to different PSD, as shown in [Fig. 10](#f0050){ref-type="fig"}B. In both cases, calculated PSDs give 1/f^α^ noise, being α = 1.0 at pH 7.4 and α = 0.3 at pH 5.0. Traces and PSDs shown in [Fig. 10](#f0050){ref-type="fig"}A--B are representative of the overall situation, as depicted from histograms in [Fig. 10](#f0050){ref-type="fig"}C--D. Noisier traces at pH 7.4 (with respect to pH 5.0) result into higher absolute values of PSD~1Hz~ ([Fig. 10](#f0050){ref-type="fig"}C) and higher values of α (α = 1.03 ± 0.17 at pH 7.4 versus α = 0.75 ± 0.25 at pH 5.0) ([Fig. 10](#f0050){ref-type="fig"}D). These data suggest that the pH increase promoting the ionization of two histidines, which are key in forming the proteolipidic pore structures induced by p7 [@b0105], decreases pore stability. As in the experimental case illustrated in [Fig. 8](#f0040){ref-type="fig"}, an excess of negative charge (now in the protein instead of the lipid) seems to disfavour the stability of lipid-protein assemblies.

3.6. Autocorrelation functions and pore dynamics {#s0075}
------------------------------------------------

To evaluate the different dynamics controlling current fluctuations, we next analyzed the electrophysiological recordings focusing on the time-dependent autocorrelation function of the current traces, this is to say i(τ) = \<I(t)·I(t+τ)\> − \<I\>^2^. Note that PSD and autocorrelations are related to each other by a simple transformation and therefore contain the same information. The reason to include autocorrelations here is to provide a direct comparison with previous studies dealing with the assembly of functional proteolipidic pores [@b0180].

First, we consider how lipid characteristics determine current fluctuations at pH 5.0. [Fig. 11](#f0055){ref-type="fig"} A shows normalized autocorrelation functions of the current traces of CSFV p7 in ER-like and DOPS membranes previously shown in [Fig. 8](#f0040){ref-type="fig"}A. Autocorrelation functions do not present a unique well-defined characteristic time, in agreement with the calculated 1/f-type PSD in [Fig. 8](#f0040){ref-type="fig"}B. The green curve (ER-like membrane) displays an autocorrelation approximately equal to zero as expected from the low value of alpha obtained in the corresponding PSD. In contrast, the pink curve (DOPS membrane) exhibits a much slower relaxation of correlations that extend to the range of seconds. As already shown in [Fig. 8](#f0040){ref-type="fig"}, changing lipid composition from ER-like to DOPS alters significantly lipid-protein dynamics and consequently the level of noise of the open pores. Note that DOPS and ER-like membranes differ fundamentally in charge (100% vs 20% in charged lipids) but also in the intrinsic curvature (PE, present at a 30 mol % in the ER-like composition, might promote non-lamellar structures [@b0280]).Fig. 11Membrane composition and solution pH modulate the dynamics of current fluctuations in CSFV p7 pores. (A) Normalized autocorrelation functions (\<I(t)·I(t+τ)\> − \<I\>^2^)/\<I\>^2^ corresponding to traces in [Fig. 7](#f0035){ref-type="fig"}A and 7B. recorded at V = +50 mV in ER-like and DOPS lipid membranes, respectively. (B) Normalized autocorrelation functions corresponding to traces in [Fig. 10](#f0050){ref-type="fig"}A recorded in ER-like membranes at pH 5.0 and 7.4.

As regards pH titration, [Fig. 11](#f0055){ref-type="fig"}B shows the autocorrelation functions of the current traces reported in [Fig. 10](#f0050){ref-type="fig"}A. In agreement with PSDs shown in [Fig. 10](#f0050){ref-type="fig"}B, the low correlation observed at pH 5.0 contrasts with the slow decay observed at pH 7.4, similar to that observed in DOPS membranes in [Fig. 11](#f0055){ref-type="fig"}A. Now, it is not the lipid characteristics (lipid charge in ER-like membranes is unaltered by the pH shift from 5.0 to 7.4) but is the ionization of key acidic residues what alters the protein-lipid interactions. The change in pH not only hinders pore formation but also promotes vivid fluctuations of the pore once formed.

The slow power law decrease observed in the autocorrelation functions both in DOPS at pH 5.0 and ER-like at pH 7.4 (\~t^−0.4^, see [Supplementary Information](#s0090){ref-type="sec"}, [Fig. S6](#s0090){ref-type="sec"}) are compatible with the t^−1/2^ law for approach to the jamming limit [@b0285] characteristic of the random sequential adsorption (RSA), a model used to describe protein adsorption on nanostructured surfaces [@b0180], [@b0290], [@b0295]. Here, the presence of slow dynamics may reflect the collective motion of proteins and lipids occurring in an extremely crowded surface similar to that of jammed systems [@b0180], but also the enhanced packing process [@b0290] that requires the formation of a proteolipidic pore structure.

We envisage pore formation like a multi-step process in which proteins and lipids move across the membrane surface, meet in a proper proportion and orientation and undergo the packing process that results in a transmembrane channel. Factors like lipid composition, solution pH and others (protein intrinsic characteristics) determine not only the geometry of the resulting pore but also its dynamics. The "jamming" process is visible as slow dynamics when becomes rate-limiting in the overall process of pore formation, as could happen in the slow power laws of [Fig. 11](#f0055){ref-type="fig"}A and [Fig. 11](#f0055){ref-type="fig"}B (reflected as higher values of α in PSDs of [Fig. 8](#f0040){ref-type="fig"} and [Fig. 10](#f0050){ref-type="fig"}). In contrast, we hypothesize that these slow dynamics do not appear in ER at pH 5.0 because under these conditions the collective motion of proteins and lipids is fast enough to be non-rate-determining.

4. Conclusions {#s0080}
==============

By combining electrophysiological analysis and AFM, we have shown that CSFV p7 viroporin forms pores with sizes extending from fractions to tens of nanometers in radius. While formation of small pores is a common feature of viroporins [@b0030], [@b0045], [@b0060], [@b0075], [@b0105], [@b0160], [@b0300] (among many others), the existence of larger pores has only been inferred in specific cases [@b0105], [@b0305]. Analysis of PSD of the current traces shows that flicker 1/f-type noise corresponds to equilibrium conductance fluctuations discarding electroporation as the channel-forming mechanism. As regards the origin of flicker noise, we have found that besides the random transitions between different conducting levels [@b0235], additional low-frequency (slow dynamics) sources of noise appear in relation to the process of pore formation (either in the collective motion or in the membrane packing of proteins and lipids). Lipid and protein charges appear to critically regulate this conformational dynamics, as revealed by autocorrelation functions. The capital role of protein charges in channel formation and current noise when formed demonstrates that CSFV p7 forms distinctive proteolipidic channels, rather than "non-pore" arbitrary membrane disruptions. In particular, ER-like membranes at pH 5.0 display a remarkable ability to stabilize protein-lipid joint structures together with CSFV p7, providing relatively quiet pores that show low levels of flicker noise.

The findings derived from our analyses can help to understand the general functions that viroporins perform during the viral infective cycle: some of a regulatory nature and others perhaps more structural. Thus, it has been argued that the discharge of calcium deposits through ER permeabilization can interfere with the cellular signaling processes that activate apoptosis [@b0300]. This event would be mediated by stable, structurally defined and small-sized pores, and take place in the early stages of replication. The assembly of larger pores probably requires the massive expression of the protein and its incorporation in large doses into the cell endomembranes. The generation of large membrane lesions by these structures would likely occur in the final stages of the cycle, coupled with the assembly and spread of the new virions. Our quantitative analysis based on the study of current fluctuations contributes to the fine definition of these common structure--function relationships, which in turn may inform the general design of new vaccines and antivirals.
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